Introduction
The incidence of obesity is rising rapidly in Western countries, as is its prevalence among young people. 1, 2 Since obesity is an important risk factor for the development of coronary heart diseases, Type II diabetes, hypertension, dyslipidemias, stroke and cancer, a strategy directed to the prevention of these diseases must account for the factors involved in its etiology. 3, 4 In the last decade, evidence has accumulated showing that obesity is a disorder resulting from an interaction between genetic predisposition and some environmental factors related to food intake and physical exercise. 5, 6 Information on genetic factors involved in the development of obesity in humans derives from studies on populations, families and twins. [7] [8] [9] It is widely acknowledged that human obesity is a multifactorial, multigene disease and, although the identification of novel genes has been successful in animals, clinical investigation has not yet proven successful in finding the molecular causes of obesity in humans. This might be partly due to the large number of genes involved in the etiology of human obesity but might also be a consequence of environmental factors, which, compared to the genetic ones, are more relevant in the development of overweight. 10 Among the environmental factors, total energy intake and diet composition play an important role. The amount of fat in the diet in many studies is positively correlated with the excess of body fat. 11 As a matter of fact, in obese and postobese subjects a temporary increase in the amount of dietary fat is not associated with an increase in lipid oxidation, thus indicating an impairment of the oxidative metabolism of fat. 12 In longitudinal studies, low-fat oxidizers show a greater risk of gaining body weight than high-fat oxidizers. 13 Moreover, recent studies have demonstrated that postobese individuals have a higher respiratory quotient (RQ) F which indicates a low rate of fat oxidation F than individuals who have been constantly lean; among them, those experiencing a weight relapse are, once again, low-fat oxidizers.
14 Nevertheless, the results of these studies do not explain whether the abnormal lipid oxidation observed in obese or postobese subjects is genetically determined or acquired. Moreover, it is not clear whether this condition is paralleled by abnormalities in the hormonal and metabolic profiles obviously involved in the regulation of substrate oxidation. To clarify this issue, it might be appropriate to evaluate lipid oxidation in normal-weight subjects who have never been obese but have a high risk, possibly genetically determined, to develop obesity. As a matter of fact, it has been shown that parental obesity increases the risk to become an obese adult by more than two-fold in either obese or nonobese children. 15 Against this background, the aim of the present study was to evaluate whether abnormalities of energy expenditure and/or lipid oxidation both in the fasting state and after a high-fat meal are present in healthy, normal-weight subjects with a strong family history of obesity, and therefore with a strong genetic risk to become obese. A further aim was to evaluate their metabolic and hormonal profiles in order to establish possible links between oxidative metabolism and plasma concentrations of relevant substrates and hormones.
Subjects and methods
A total, 16 young healthy men (age 23. 773.32 y) (M7s.d.) participated in the study. Eight subjects had both parents overweight (measured father's and mother's body mass index (BMI) 425 kg/m 2 ) and eight had both parents with normal body weight (measured father's and mother's BMIo25 kg/ m 2 ) ( Table 1) ; participants' body weight was within the normal range (BMIo25 kg/m 2 ) and all had been weight stable in the 3 years prior to the study. None of the subjects in either group performed strong or competitive physical activity nor did they take any type of medication. Subjects with a family history of Type II diabetes or other endocrine diseases were excluded from the study. The group of subjects with both parents overweight was slightly older than the one with both parents with normal weight (control group) but similar in terms of BMI, fat-free body mass (FFM) calculated according to Kotler's equation (see Methods) and fat mass (FM) calculated subtracting FFM from body weight ( Table 1) . Each participant filled a 7-day food record the week before the experiment and personally handed it to a dietitian who checked its completeness. Diet composition was evaluated by the food composition tables. 16 Physical activity was assessed by a questionnaire that ranked individuals in four classes for physical activity at work and four classes for physical activity during leisure time. 17 Participants gave their written informed consent to the protocol, which had been approved by the Ethics Committee of the 'Federico II' University Medical School.
Test meal
On the day of the experiment, the participants consumed a standard fat-rich meal (protein 15%, carbohydrate 34%, fat 51%, 4090 kJ) in which about 50% of the fat content was represented by saturated fatty acids. The composition of the test meal resembles that of other test meals utilized for similar purposes. 12, 18 It was composed exclusively of natural foods: a potato-pie plus a banana (120 g). The potato-pie was prepared with 300 g of potatoes, 60 g of skimmed milk, 25 g of egg, 50 g of cheese, 40 g of salami, 5 g of olive oil and 18 g of butter; it was prepared by the staff of the metabolic kitchen and its composition was calculated using the food composition tables issued by the Italian National Institute of Nutrition. 16 Participants were asked to consume the meal within 15 min.
Study design
All participants were scheduled to come to the Research Centre at 08. 00 h after a 12 h fast; an intravenous catheter Insulin sensitivity and fat oxidation in normal-weight men R Giacco et al was inserted in an antecubital vein for blood sampling, and kept patent by saline infusion. All participants underwent indirect calorimetry on the morning of the experiment for 1 h before the test meal and for 8 h after the test meal, with two 1-h intervals at the fourth and seventh hour. Blood samples were taken at fasting and every hour for 8 h after the test meal to measure glucose, insulin, cholesterol, triglyceride and free fatty acid (FFA) plasma concentrations. Plasma leptin levels were measured at fasting and every 2 h after the test meal. A 24 h urine sample was collected on the day of the experiment to measure urea concentration. Urinary nitrogen concentration was obtained by conversion of urea nitrogen. Participants in the study were asked to consume a standard isoenergetic diet (protein 15%, carbohydrate 55%, fat 30%) and to abstain from vigorous physical activity on the day before the experiment.
Methods
Indirect calorimetry was performed by Deltatract II (Datex, Division of Instrumentarium Corp. , Helsinki, Finland) using a transparent ventilated hood. Room air was drawn through the ventilated canopy at a fixed flow rate (40 l/min). A constant fraction of the air flowing out of the hood was continuously collected and analyzed for oxygen and carbon dioxide by a differential paramagnetic sensor and infrared carbon dioxide analyzer, respectively. The instrument, after warm-up, was calibrated before each test with a standardized gas mixture (5.0% CO 2 and 95% O 2 ) and monthly with ethanol combustion. The coefficient of variation of the combustion tests was 1.5%. Computed values for oxygen and carbon dioxide exchange were corrected at standard temperature, pressure and humidity. Oxygen consumption and carbon dioxide production were measured at 1-min intervals and resting energy expenditure (REE) and substrate oxidation were calculated on the mean of all measurements with exclusion of the first 15 min of test (adaptment phase). REE, carbohydrate and lipid oxidation rates and nonproteic respiratory quotient (NPRQ) were calculated from oxygen consumption, carbon dioxide production and 24 h urinary nitrogen excretion according to Weir 19 formulas. The mean coefficient of variation for repeated measurements of intraindividual REE in our laboratory was 2.4%. A bioelectrical impedance analyser (STA/BIA Akern) was used for the measurement of resistance (R) and reactance (X) of body tissue; these parameters, together with body weight and height, were used to calculate each participant's FFM according to Kotler 20 FM was calculated subtracting FFM from body weight. The measurements were performed according to a standard protocol in the morning of the experiment after a 12 h fast. 21 R and X were measured at the flow of a 50-kHz injected mono-frequency current with a coefficient of variance o1.5%. Plasma glucose, cholesterol, triglyceride and FFA concentrations were measured by standard enzymatic-colorimetric methods (Boehringer Mannheim, Mannheim, Germany); insulin and leptin concentrations were analyzed by radioimmunoassay methods. 22 Urinary urea concentrations were measured by the standard enzymatic method (ABX Diagnostics, Montpellier). The HOMA index was calculated by multiplying fasting plasma glucose (mmol/l) by fasting plasma insulin (mU/ml) concentrations divided by 22.5.
23

Statistical analysis
All data are expressed as means 7s.d. REE and substrate oxidation corrected for fat-free mass were calculated dividing REE and substrate oxidized, respectively, by FFM. Postprandial changes in NPRQ were calculated subtracting the basal measurements from each value at different times. Postprandial incremental area under the curve was calculated for REE and substrate oxidation utilizing the trapezoidal method after subtraction of the basal value for each postprandial measurement. Student's unpaired t-test was used to compare differences in plasma metabolites between the two groups of subjects; energy expenditure, NPRQ and substrate oxidation were evaluated both at fasting and in the postprandial period by a nonparametric test for two independent samples (Mann-Whitney). The data were analyzed with the use of SPSS 11.0 (SPSS Inc., Chicago, IL, USA). Statistical significance was checked by setting the level of significance at P ¼ 0.05 (two-tailed).
Results
The two groups showed similar energy intake and dietary composition as estimated by a 7-day food record. The daily energy intake of the participants' habitual diet was 10 28972399 and 939572683 kJ, respectively, in the group with overweight parents and in the control group, with 1471.8 vs 1371.9% of daily energy derived from protein, 4772.1 vs 4872.4% from carbohydrate and 3973.1 vs 3972.9% from fat, respectively. The polyunsaturated to saturated (P/S) ratio was 0.3470.06 in the group with overweight parents and 0.3170.09 in the control group. The ratio between average energy intake and basal metabolic rate was 1.1970.31 . No difference was found between the two groups in the score calculated taking into account physical activity at work and during leisure time (3.270.8 vs 3.370.7 score units, n.s.).
Fasting plasma glucose, cholesterol, HDL-cholesterol, triglyceride and FFA concentrations were similar in both groups of participants, but subjects with overweight parents had significantly lower plasma insulin concentrations (5.1170.51 vs 7.0771.56 mU/ml; Po0.007) and HOMA (Table 2) . Postprandially, plasma glucose levels decreased in both groups after the first and the second hour and then returned to baseline by the third hour; thereafter they remained relatively stable until the end of the experiment in both groups (Figure 1) . At all time points, plasma glucose levels were not statistically different between the groups. Conversely, postprandial insulin levels were lower in the group with both parents overweight than in the controls and the difference was statistically significant at 3, 5, 6, 7 and 8 h (Figure 1) .
Postprandial plasma FFA and triglyceride levels were similar in the group with overweight parents and in the control group (Figure 2) .
Fasting plasma leptin concentrations were slightly lower in the group with overweight parents compared to the control group (2.7171.46 vs 3.8172.75 ng/ml, P ¼ 0.33), but the difference was not statistically significant. Postprandial plasma leptin levels decreased similarly in both groups and were not signicantly different in subjects with both parents overweight and in controls (Figure 1 ). Urinary nitrogen excretion in offspring of both parents overweight was 13.573.3 g/24 h and in those with both parents with normal weight was 14.272.7 g/24 h.
In the fasting state, REE did not differ between the two groups (individuals with both parents overweight 128710 kJ/kg FFM/day vs control group 128712 kJ/kg FFM/day). The oxidation of carbohydrate (32307750 vs 408071260 mg/kg FFM/day) and lipid (11507570 vs 7407550 mg/kg FFM/day) was respectively lower and higher in the group with overweight parents although the differences were not statistically significant ( Table 3 ). The postprandial incremental areas under the curve (IAUC) of REE, calculated for 8 h after the meal, were similar in the two groups (4.3171.70 vs 4.0772.41 kJ/kg FFM Â 8 h) whereas substrate oxidations differed. As a matter of fact the NPRQ increased 1 h after the meal and thereafter declined in both groups; however, the postprandial changes in NPRQ (difference between each postprandial measurement and the baseline value) were constantly higher in the offspring of two overweight parents as compared with the control group and differences were statistically significant betweeen the second and the sixth hour (Figure 3) . The higher postprandial NPRQ observed in the offspring of overweight parents was due to a higher contribution of carbohydrate and a lower contribution of fat to the postprandial oxidative process. As a matter of fact, carbohydrate oxidation evaluated as postprandial incremental area was higher in the group of subjects with overweight parents than in the control group, with a statistically significant difference between the two groups (IAUC: 196.25794.75 vs 75.88774.72 mg/kg FFM Â 8 h; Po0.007) (Table 3) . Conversely, lipid oxidation (evaluated as postprandial incremental area) was lower in individuals with both parents overweight than in the control group (IAUC: 90.93780.32 vs 163.687108.22 mg/kg FFM Â 8 h; Po0.05) ( Table 3 ). Taking into consideration the intake of Figure 1 Postprandial plasma glucose (upper panel), plasma insulin (middle panel) and leptin (lower panel) levels after the standard fat-rich meal in lean subjects with normal-weight parents (triangle) and in those with both parents overweight (square). *Po 0.05; **Po 0.03; ***Po0.01; subjects with normalweight parents vs subjects with both parents overweight.
Insulin sensitivity and fat oxidation in normal-weight men R Giacco et al carbohydrates and lipids during the standard meal, we calculated the amount of carbohydrate and lipid oxidized as percent of their intake; the amounts of oxidized carbohydrates represented respectively 14 and 5% of total intake in offspring of two overweight parents and in controls; the corresponding figures for oxidized lipids were respectively 10 and 17% of total intake in the two groups. The correlation between fasting plasma insulin levels and postprandial lipid oxidation was of borderline statistical significance (r ¼ À0.46, P ¼ 0.05).
Discussion
The main finding of this study is that lean offspring of overweight parents, who are at high risk to develop overweight, present a 56% lower fat oxidation in response to a fat-rich meal and are more insulin sensitive than the offspring of parents having normal weight.
The reduced fat oxidation observed in our study in the group of lean subjects with a strong family history of overweight is in line with the results of previous studies performed in Pima Indians 13 and in Caucasian volunteers participating in the Baltimore Longitudinal Study on Aging, 24 where subjects with high RQ (low-fat oxidizers)
had a greater risk of gaining weight than those with low RQ (high-fat oxidizers). Our results are also supported by studies performed in both postobese women, in whom a reduced lipid oxidation was demonstrated in response to an increased dietary fat content, 12 and in obese women before and during weight loss, after refeeding and in the weightrelapse period. 14 However, resting metabolic rate or the respiratory exchange ratio have not been consistently found as good predictors of subsequent weight changes; 10 moreover, the studies performed in obese or postobese individuals were unable to explain whether the reduced lipid oxidation is the consequence of a metabolic derangement induced by the pre-existing obesity or the cause that promotes the development of obesity. Our study shows, for the first time, that the reduced capacity to oxidize fat after a fat-rich meal is present also in individuals who are not, and have never been, obese but present a strong family history of overweight and therefore are at high risk to become overweight. Our results suggest that this metabolic abnormality represents an early marker of risk to develop obesity and is, probably, genetically determined.
Multiple genes might be involved in the predisposition to obesity. Two of them are particularly relevant in relation to the metabolic abnormalities observed in this study in the lean offspring of two obese parents: (1) the medium-chain each NPRQ measurement and the baseline value) after the standard fat-rich meal in lean subjects with normal-weight parents (triangle) and in those with both parents overweight (square). (*) PD0.05; *Po0.05; **Po0.03; subjects with normal-weight parents vs subjects with both parents overweight.
Insulin sensitivity and fat oxidation in normal-weight men R Giacco et al acyl-CoA dehydrogenase and (2) leptin receptor. They are both involved in fatty acid oxidation and are located in chromosome 1 in a region in linkage with the 24 h RQ. 25 The evaluation of the role of these and other genes influencing the metabolic abnormalities that we observed in the offspring of two overweight parents was outside the scope of our work. However, the available evidence suggests that their contribution might be less important than that of the environmental factors. 10, 15 In our study the reduced lipid oxidation was not associated with abnormalities of EE either in the fasting state or in the postprandial period. The two groups were also comparable for fasting plasma glucose, cholesterol, triglyceride, HDLcholesterol and FFA concentrations. Conversely, increased postprandial fat oxidation in the offspring of two overweight parents was associated with lower plasma insulin levels, but the mechanism underlying this association is not clear. Since insulin has an important stimulatory influence on fat synthesis and a strong inhibitory effect on lipolysis, it does not seem plausible that low insulin levels represent the primary cause of the metabolic alterations observed in the offspring of two overweight parents. In addition, insulin levels are lower in this group also during the postprandial period and this, if anything, would justify a lower carbohydrate and a higher fat oxidation, which is just the opposite of what we observed. It seems more reasonable to consider low insulin levels as markers of a better insulin sensitivity and to hypothesize, instead, that the lower fat oxidation represents the first step of a chain of events leading to both an increased fat storageFeventually causing overweightFand a higher carbohydrate oxidationFa marker of insulin sensitivity. Alternatively, in the presence of a higher insulin sensitivity, carbohydrates are preferentially oxidized and therefore fat is used predominantly for storage. The cross-sectional nature of this study does not allow us to evaluate the time sequence of these metabolic events.
In support of the role of insulin sensitivity as a marker of risk for overweight, there is a study by Swinburn et al 26 performed in Pima IndiansFa population at high risk to develop obesityFin which more insulin-sensitive individuals showed a higher rate of weight gain compared with more insulin-resistant ones. Similar observations were reported also in Mexican Americans 27 and Caucasians; 28 thus, insulin sensitivity is a predictor of weight gain in adults or, conversely, insulin resistance is associated with lower rates of weight gain. The results of our study, in agreement with previous reports on this topic, seem to indicate that the insulin resistance observed in many obese subjects is a consequence of obesity rather than its primary cause. In addition, our study provides further insight into the mechanisms underlying the risk of becoming overweight by showing that, in the presence of a familial predisposition to obesity, reduced fat oxidation and a better basal insulin sensitivity are both present, thus suggesting a pathophysiological association between these conditions and, furthermore, a link between these two and the development of obesity.
Among the possible hormonal factors influencing weight gain, leptin, a hormone produced by adipose tissue which inhibits food intake and increases EE, 29 may play a role in the development of obesity in humans. 30 In our study, plasma leptin levels were slightly lower in the fasting and postprandial period in the group with overweight parents than in the control group, although the difference was not statistically significant. We can reasonably exclude that the differences in lipid oxidation and insulin sensitivity observed in this study can be attributed to environmental factors and, in particular, to differences in age, physical activity levels or dietary habits between the groups. As a matter of fact, in our study the group with overweight parents was slightly but significantly older than the control group, and since insulin resistance increases through the years, a worse insulin sensitivity was expected in this group because of its older age, whereas our results went in the opposite direction. In addition, the general habitual diet of the two groups was comparable for energy intake and nutrient composition. In particular, total fat intake, saturated fat content and P/S ratio were similar, and all participants consumed a standardized identical diet the day before the experiment.
In conclusion, normal-weight subjects with a strong family history of overweight, and therefore at increased risk to become obese, present a reduced lipid oxidation after a high-fat meal and a metabolic profile characterized by low fasting plasma insulin concentrations and a low HOMA index compatible with the presence of increased insulin sensitivity. These metabolic features represent earlyFand probably genetically determinedFpredictors of weight gain since they have been observed in young normal-weight individuals who are at high risk to become obese merely by their strong familial predisposition. It is tempting to hypothesize that when exposed to a high-fat diet, individuals with this metabolic background are unable to increase proportionally their fat oxidation leading to an increased fat flux to the adipose tissue for storage and, consequently, to an increase in fat mass.
